T HE population polymorphism of homeobox genes observed in the Arabidopsis thaliana CAULIFLOWER homeotic gene, which was in this case attributed to positive in Drosophila has received scant attention. Begun selection (Purugganan and Suddith 1998) . Nucleoet al. (1994) investigated restriction-map polymorphism tide polymorphism has been investigated also for the in the cut locus region of D. melanogaster and D. simulans. even-skipped (Ludwig and Kreitman 1995) , Ultrabithorax The amount of nucleotide variation was in both species (Gibson and Hogness 1996) , and OdysseusH (Ting et about one-fourth of the average amount in comparable al. 1998) Drosophila homeobox genes. The data obrestriction-map studies of gene regions with normal retained for these genes, however, involved only interspecombination (Aquadro 1992) , even though the gene cific comparisons or only very few sequences, so that is located in a genomic region with "normal" recombinaintraspecific variability could not be estimated. On the tion rate. Begun et al. (1994) suggested that selective average, Drosophila regulatory loci display reduced levsweeps associated with some closely linked gene(s) might els of diversity (less than half) compared to structural account for the decreased variability of cut. Baines et al. genes (Moriyama and Powell 1996) . In contrast, the (2002) investigated nucleotide polymorphism in the D.
level of polymorphism is about the same in some plant melanogaster bicoid region. The level of silent polymorregulatory genes as in structural loci (Purugganan and phism for the noncoding region was lower than typical Suddith 1999; Purugganan 2000) . However, recent values observed in D. melanogaster (Moriyama and Powdata indicate that even adjacent regulatory genes can ell 1996); silent diversity in the coding region was also show a wide range in the level and patterns of sequence low ( ϭ 0.0002). An interesting feature of the bicoid variation, which suggests that different members of a coding region variability was that 6 of 7 polymorphic regulatory gene cluster may be subject to distinct evolusites involved replacement polymorphisms, which could tionary forces (Lawton-Rauh et al. 2003 ; Shepard and indicate a relaxation of selective constraints in this rePurugganan 2003; see also Purugganan and Suddith gion (Baines et al. 2002) . A significant excess of intraspe -1999) . cific replacement polymorphism (16 of 21) was also Previously, we have investigated nucleotide variability in the ␤-esterase gene cluster located on the left arm of chromosome 3 of Drosophila melanogaster, at 68F7-69A1 verse primer). The PCR reactions were carried out in final et al. 2002) . The cluster comprises two tandemly duplivolumes of 50 l, using TaKaRa Ex Taq in accordance with the cated genes, Est-6 and Est-6 (originally named Est-P by manufacturer's description (Takara Biotechnology, Berkeley, Collet et al. 1990 were used to analyze the data by means of the "sliding-window" frame has been recorded in the region between the two method (Hudson and Kaplan 1988) and for most intraspecific analyses. Departures from neutral expectations were ingenes (Adams et al. 2000) . Both genes are transcribed in vestigated using the tests of Hudson et al. [1987; Hudson- the same direction. There is a hierarchical relationship Kreitman-Aguadé (HKA) test], Hudson et al. (1994; haplotype between the two genes since bap activation in the dorsal test), McDonald (1996 McDonald ( , 1998 , Kelly (1997) , and Wall mesoderm depends on tin, while tin does not require (1999) . The permutation approach of Hudson et al. (1992) bap (Azpiazu and Frasch 1993; Bodmer 1993 1999 ) was used to analyze intra-and intergenic conversion events. and the 3Ј-flanking region of bap (56 bp). Figure   Drosophila strains: The 27 D. melanogaster strains derive 1 shows a total of 69 polymorphic sites in a sample of from a random sample of wild flies collected by F. J. Ayala 27 sequences of the tin and bap genes. There are five (October 1991) in El Rio Vineyard, Acampo, California. The strains were made fully homozygous for the third chromosome length polymorphisms: four in intron I of tin and one by crosses with balancer stocks, as described by Seager and in exon II of bap. Some relevant statistics are given in Ayala (1982) . The 27 strains were previously investigated for (Table 1 ). The which is slightly lower than that for the whole bap exon II ( ϭ 0.0063).
RESULTS

MATERIALS AND METHODS
Nucleotide polymorphism and recombination:
K/ ratio is, however, substantially higher for tin in both the coding and noncoding regions: K cod / cod is The silent variability of bap ( ϭ 0.0140) is close to that of one of the most polymorphic genes of D.
10.67 for tin, but 5.29 for bap and K ncod / ncod is 9.28 for tin, but 3.85 for bap. These differences reflect that the melanogaster, Est-6 ( ϭ 0.0156), in the same North American population Balaki- pressure of purifying selection is higher for tin than for bap. Silent divergence is very similar in exon I (K ϭ rev and Ayala 2003a). The silent variability of bap exon the presence of two sets of haplotypes for the ␤-esterase observed for the bap gene (Figures 1 and 3 ). There is a set of 13 sequences, 12 of them identical to each gene cluster of D. melanogaster, localized on the left arm of the third chromosome (Balakirev et al. 1999 other plus one (no. 10) that differs by a nonsynonymous substitution, and a second set of fairly heterogeneous 2003). There is also strong haplotype structure for the tin and bap genes (Figures 1-3) . For the tin gene, there sequences (nos. 14-27). The difference between the two tin haplotype sets (1-18 vs. 19-27) is highly signifiare two sets of haplotypes, each completely associated with one of two deletions, 3 bp and 101 bp, within cant (K st * ϭ 0.4692; K st * 0.999 ϭ 0.1580, P Ͻ 0.001 by the permutation test of Hudson et al. 1992) . However, the intron I (Figure 1 , ᭡2 and ᭡3) and almost completely associated with the replacement polymorphism at posilevel of variability is not significantly different between the two tin haplotype sets ( ϭ 0.009 vs. ϭ 0.0019). tion 1884 (Figure 1 ). The ᭡2 deletion exists also in D. simulans and D. sechellia (Figure 1 ), which suggests that
The homogeneous haplotype set of bap (strains 1-13, Figures 1 and 3 ) has scant variability ( ϭ 0.0001). it is the ancestral condition, whereas the ᭡3 deletion has appeared after the split of D. melanogaster from the other two species. Strong haplotype structure is also D. melanogaster based on Kimura's two-parameter distance. The numbers at the nodes are bootstrap percentage of probability The numbers at the nodes are bootstrap percentage of probability values based on 10,000 replications.
values based on 10,000 replications.
The heterogeneous set (strains 14-27) is significantly polymorphism-to-divergence ratio ( Figure 4C ), and linkage disequilibrium ( Figure 4D ). There are two disdifferent from the first set (K st * ϭ 0.2852; K st * 0.999 ϭ 0.1002, P Ͻ 0.001 by the permutation test) and has tinct peaks of nucleotide variability in tin ( Figure 4A ), in the 5Ј-flanking region (midpoint coordinates 271-280) significantly greater variability ( ϭ 0.0089; P Ͻ 0.0001). The distribution of mutations in the bap gene is highly and intron (midpoint coordinates 992-1027). These peaks coincide with the peaks of divergence ( Figure 4B ) asymmetrical in the two haplotype sets: the heterogeneous set is 74 times more variable than the homogeand linkage disequilibrium ( Figure 4D ). The highest peak of the polymorphism-to-divergence ratio within neous haplotype set.
Sliding-window analysis: Figure 4 shows sliding-winthe tin gene, however, does not coincide with the peaks of variability and divergence (it is centered on the tin dow plots of the distribution of nucleotide polymorphism in D. melanogaster ( Figure 4A ), divergence beexon I, Figure 4C ). There is also a peak of variability in the bap gene ( Figure 4A ) in the intron region (midpoint tween this species and D. simulans ( Figure 4B) , coordinates 2969-3003). This peak is not accompanied by a peak of divergence ( Figure 4B) ; rather, there is an obvious decrease of divergence in the intron region of bap, which produces a peak in the silent divergenceto-polymorphism ratio ( Figure 4C , midpoint coordinates 2700-2900). The peak in the bap intron coincides with a peak of linkage disequilibrium ( Figure 4D ). The highest peak of the silent divergence-to-polymorphism ratio is centered on the bap exon II ( Figure 4C , midpoint coordinate 3200). The minimal values of polymorphism-to-divergence ratio within the bap gene are at the beginning of exon I and centered on the two replacement polymorphic sites ( Figures 4C and 5 , positions 2676 and 2677). The lowest and highest polymorphismto-divergence ratios are accompanied by the largest maximum and average sliding G values of the McDonald's (1996, 1998) tests ( Figure 6 ). The variants within the intron sequences of both genes segregate as single-haplotype blocks (Figure 1 ). Correspondingly there are obvious peaks of nucleotide variability and linkage disequilibrium in the introns (Figure 4, A and D) . For the tin gene the intron peak of nucleotide variability also corresponds to the high peak of divergence but for the bap gene there is an opposite tendency: the peak of variability corresponds to the lowest level of the divergence (Figure 4, A and  B) . A similar tendency is observed for the bap exon II: the level of variability and divergence is close in this region ( Figure 4B ). Thus for the tin gene the amount of divergence between species is in accordance with the amount of intraspecific polymorphism but for the bap gene the pattern is different: a decrease of the diversechellia) divergence by means of Goss and Lewontin's (1996) and McDonald's (1996 McDonald's ( , 1998 statistics and gence and a parallel increase of polymorphism in the intron and exon II regions that could be explained by have assessed their significance by Monte Carlo simulations of the coalescent model incorporating recombinathe influence of positive selection (see below).
We have measured heterogeneity in the distribution tion (McDonald 1996 (McDonald , 1998 ; Table 3 ). On the basis of 10,000 simulations, with the recombination parameters of polymorphic sites along the sequence and discordance between the level of within-melanogaster polyvarying from 1 to 64, the tests are not significant for the tin gene. However, the tests are significant for the morphism and the melanogaster-simulans (or melanogaster- 1996 and McDonald 1996 , 1998 . P values are in parentheses. Significant and marginally significant P values are underlined.
bap gene (Table 3 ). There are two areas within the bap Linkage disequilibrium: For the whole region there are 1378 pairwise comparisons and 514 (37.30%) of gene with the largest average and maximum sliding G values ( Figure 6, A and B) . The first (and most prothem are significant (Figure 7 ). With the Bonferroni correction, 156 (11.32%) remain significant. There is nounced) area is located at the beginning of bap exon I and coincides with a region of low polymorphismstrong linkage disequilibrium within the tin gene: 83.69% (272 out of 325) pairwise comparisons are sigto-divergence ratio ( Figure 5 ). The second area is located in bap exon II and coincides with a region of high nificant (55.69%, 181 with the Bonferroni correction). The significant associations are due mostly to polymorpolymorphism-to-divergence ratio. The region of low polymorphism-to-divergence ratio is centered on the phic sites located within the tin noncoding regions (5Ј-flanking region and intron); only three exonic polymortwo replacement substitutions (positions 2676 and 2677). The region of high polymorphism-to-divergence phic sites (positions 1884, 2245, and 2284) are involved in significant associations (Figure 7 ). Within the bap ratio is localized within exon II but is not centered on the replacement polymorphism (Figures 1 and 4C ). An gene 48.43% pairwise comparisons (170 out of 351) show statistically significant linkage disequilibrium area of low polymorphism could result from a selective sweep whereas high polymorphism could result from (9.69%, 34 with the Bonferroni correction). The distribution of significant associations within bap is not homobalancing selection (McDonald 1996 (McDonald , 1998 . Previously, we have shown that both types of selection are geneous: more than half of the sites involved in significant associations are located within exon II. Between involved in the evolution of the Est-6 gene of D. melanogaster . We suggest that both tin and bap genes only 5.22% (72 out of 1378) of tests are significant (Figure 7 , shaded areas); none is signifitypes of selection are involved within the bap gene. To examine this suggestion one would analyze separately cant with the Bonferroni correction. Within both the tin and bap genes there are strong the polymorphism-to-divergence ratio in the regions with low and high polymorphism (that roughly correassociations between intronic sites (Figure 7) . Clusters of significant linkage disequilibrium that occur predomspond to exon I and exon II of bap), using the al. 1993; Schaeffer and Miller 1993) . Kirby et al. (1995) showed that the linkage disequilibria clustered polymorphic sites within exon I of bap. Thus, we cannot contrast the pattern of polymorphism-to-divergence in within the introns of the Adh locus of D. pseudoobscura are caused by epistatic selection maintaining the secondboth exons. However, for bap exon II the HKA test reveals a higher polymorphism-to-divergence ratio in ary structures of precursor mRNA. The mechanism underlying the action of epistatic selection is based on a comparison with the complete tin gene ( 2 ϭ 4.484, P ϭ 0.034 if D. simulans is used as an outgroup and 2 ϭ model of compensatory fitness interactions (Kimura 1985) , which suggests that mutations occurring in RNA 4.813, P ϭ 0.028 if D. sechellia is used as an outgroup), which is in accordance with the possible action of posihelices are individually deleterious but become neutral in appropriate combinations. Stephan (1996) has shown tive selection on this region. that the rate of compensatory evolution substantially coefficient estimated by 10,000 permutations. There is a significant decline in LD with increasing distance for decays over a distance of 100 nucleotides, which is in agreement with our results. Indeed, the distance beboth tin (Pearson's correlation coefficient is Ϫ0.1432; P ϭ 0.0070) and bap (Ϫ0.2189; P ϭ 0.0009). tween the intronic sites is Ͻ100 nucleotides for both tin (positions 975, 982, 1010, 1011, 1016, 1019, 1022, Tests of neutrality: Kelly's (1997) Z nS test (Table 4 ; based on linkage disequilibrium between segregating 1037, and 1045) and bap (positions 2954, 2999, 3001, 3005, 3011, and 3019) . Thus the evolution of the insites) detects significant deviations from neutrality for the entire region with recombination 0.0072 (the value tronic sequences of the tin and bap genes may be subjected to secondary structure constraints.
of recombination obtained by the method of McVean et al. 2002, bap (not shown). For tin the tests are significant with a for the homogeneous set of sequences, the observed haplotype diversity is 0.167, while the expected haplolower level of recombination than for bap. For instance, the Z nS statistic obtained for tin is significant (P ϭ 0.01) type diversity is significantly higher (0.640, P Ͻ 0.05), which is compatible with the hypothesis of directional with recombination rate C ϭ 0.0072, while bap requires C ϭ 0.020 (Table 4) . Overall the tests are significant selection. For the heterogeneous set of sequences, this test reveals a significant excess of variability: the obfor the entire region as well as for each gene separately, with a recombination rate much lower than the laboraserved haplotype diversity is 0.952, but the expected haplotype diversity is 0.850 (P Ͻ 0.05), which is compatitory estimate (C lab ϭ 0.0744) based on the physical and genetic maps of D. melanogaster (J. M. Comeron, perble with the hypothesis of diversifying selection. We have also applied the Depaulis and Veuille (1998) tests for sonal communication; Comeron et al. 1999) . We suggest that the significance of the tests could reflect the action different functional parts of the tin and bap genes. There is no deviation from neutral expectation for any partiof selection combined with the demographic history of D. melanogaster, which originated from Africa and tion (5Ј-flanking region, intron, and exon II) of the tin gene (exon I is excluded from these separate analyses migrated in relatively recent times to the rest of the world. The higher test statistics values for tin may reflect because it is only 186 bp). For the bap gene, the tests are significant for exon I and exon II separately, but the specific character (rare recombination) of the evolution of this gene, as well as the demographic history of this significance is due to opposite patterns. For exon I, the test reveals a significant excess of different haplo-D. melanogaster.
There are two sets of divergent haplotypes for the tin types: the observed number is 7, but only 4.9 haplotypes are expected (P Ͻ 0.05). For exon II, the test reveals a and bap genes (Figure 1) . It is appropriate to use the haplotype test (Hudson et al. 1994) in this case to see significant deficit of haplotypes: the observed diversity is 0.604, while the expected haplotype diversity is sigwhether directional selection has increased the frequency of some haplotypes. For tin, there are a total of nificantly higher (0.820, P Ͻ 0.05). These additional tests corroborate our suggestion that the bap gene is 37 polymorphic sites and a subset of 18 sequences with 13 sites (Figure 1, strains 1-18 ). The haplotype test is not under the complex influence of positive selection (see above). significant (P ϭ 0.103) even with a laboratory estimate of recombination equal to 0.0744 (see above). A total of 32 polymorphic sites are in the sample of 27 bap se-DISCUSSION quences, but the set of homogeneous strains (1-13) includes just one polymorphic site (Figures 1 and 3 ).
There is a significant difference in the level and patThe probability of this configuration, obtained by the tern of nucleotide variability in tin and bap, two closely haplotype test, is 0.002, even without recombination.
linked homeobox genes of D. melanogaster. The level of tin The region of amino acid substitution between species variability is within the range observed in other regulatory (Figure 1 ) at the beginning of bap exon I may be a likely genes of Drosophila (Moriyama and Powell 1996; Powcandidate for a selective sweep. ell 1997; Baines et al. 2002; Riley et al. 2003) and some We have also used the neutrality tests of Depaulis other organisms (Purugganan 2000) . The silent variand Veuille (1998) to analyze the haplotype distribuability of bap is, however, significantly higher and close tion. The tests are not significant for the tin gene (as to the values observed for the most polymorphic Droin the Hudson et al. 1994 and McDonald 1996 , 1998 sophila genes, such as Est-6 and Est-6 (Balakirev and tests). The tests are significant for the bap gene when Ayala 1996 Ayala , 2003a Ayala ,b, 2004 Balakirev et al. 1999 Balakirev et al. , 2002 , applied to the homogeneous and heterogeneous sets 2003; Ayala et al. 2002) . The pattern of nucleotide of sequences separately (the haplotype groups are the variability in tin and bap is not compatible with an equilibrium model of selective neutrality. We suggest that same as for the Hudson et al. 1994 test) . Particularly, the colonizing and demographic history of D. melanogasof adaptive evolution. A similar relationship was observed between genes of the Ras-mediated signal transter together with negative (purifying) selection may be the main factors shaping the observed patterns of nucleduction pathway of Drosophila (Riley et al. 2003 account for the excess of nearly identical sequences. Positive selection in the bap gene is supported by significant HKA (Hudson et al. 1987 ), McDonald (1996 , 1998 , and haplotype (Hudson et al. 1994 coding region is shaped by the influence of both direc- Positive selection drives the evolution of the Acp tional and balancing selection (Balakirev et al. 1999, 29AB accessory gland protein in Drosophila. Genetics 152: 543-
